Background: Autism spectrum disorders (ASD) involve a core deficit in social functioning and impairments in the ability to recognize face emotions. In an emotional faces task designed to constrain group differences in attention, the present study used functional MRI to characterize activation in the amygdala, ventral prefrontal cortex (vPFC), and striatum, three structures involved in socio-emotional processing in adolescents with ASD. Methods: Twenty-two adolescents with ASD and 20 healthy adolescents viewed facial expressions (happy, fearful, sad and neutral) that were briefly presented (250 ms) during functional MRI acquisition. To monitor attention, subjects pressed a button to identify the gender of each face. Results: The ASD group showed greater activation to the faces relative to the control group in the amygdala, vPFC and striatum. Follow-up analyses indicated that the ASD relative to control group showed greater activation in the amygdala, vPFC and striatum (p < .05 small volume corrected), particularly to sad faces. Moreover, in the ASD group, there was a negative correlation between developmental variables (age and pubertal status) and mean activation from the whole bilateral amygdala; younger adolescents showed greater activation than older adolescents. There were no group differences in accuracy or reaction time in the gender identification task. Conclusions: When group differences in attention to facial expressions were limited, adolescents with ASD showed greater activation in structures involved in socio-emotional processing.
Social impairments are a primary component of autism spectrum disorders (ASD; APA, 1994) . Successful social interaction requires the capacity to identify and respond appropriately to emotional facial expressions. Individuals with ASD show facial expression recognition deficits (Losh et al., 2009) and these deficits are thought to reflect perturbations in the neural architecture that includes the amygdala (Adolphs, 2001) . Consistent with this possibility, three studies documented increased amygdala activation to faces in ASD (Dalton et al., 2005; Kleinhans et al., 2009; Monk et al., 2010) . However, other studies reported that individuals with ASD relative to controls show less amygdala activation to faces (Ashwin, Baron-Cohen, Wheelwright, O'Riordan, & Bullmore, 2007; Critchley et al., 2000; Dapretto et al., 2006; Grelotti et al., 2005; Hadjikhani, Joseph, Snyder, & Tager-Flusberg, 2007; Pelphrey, Morris, McCarthy, & Labar, 2007; Pinkham, Hopfinger, Pelphrey, Piven, & Penn, 2008) . Thus, at present, it is unclear whether individuals with ASD show more or less amygdala activation to face stimuli.
The inconsistencies regarding amygdala function may stem, at least partly, from differences in attention to the face stimuli between groups. Indeed, individuals with ASD show abnormalities in attention to social stimuli (Klin, Jones, Schultz, Volkmar, & Cohen, 2002; Pelphrey et al., 2002) . One of the studies that found greater amygdala activation to faces in the ASD sample also found that gaze directed to the eyes was associated with greater amygdala activation (Dalton et al., 2005) . Since group differences in attention have the potential to contribute to differences in brain function, it is important for neuroimaging studies of face processing to limit this possibility. Monitoring eye gaze is one approach in considering attention. Another approach to decrease potential group differences in attention is to require a behavioral response and to present stimuli for a brief duration. A correct behavioral response indicates that subjects were attending to the face stimulus and the brief presentation decreases the possibility of group differences in gaze duration before a saccade.
Social deficits in ASD may be even more prominent in adolescence, and this may influence clinical presentation in ASD (Ghaziuddin, Weidmer-Mikhail, & Ghaziuddin, 1998; White, Oswald, Ollendick, & Scahill, 2009) . During adolescence, the social environment of peers increases in complexity (Nelson, Leibenluft, McClure, & Pine, 2005) . More sophisticated skills are required to navigate social interactions effectively, and the mismatch between these increasing demands and the abilities of individuals with ASD might be particularly evident. Despite findings showing that adolescence represents a very difficult transition for youth with ASD, little work has been done to examine neural function in ASD during this period.
Moreover, among those with ASD, younger adolescents have poorer social functioning than older adolescents (McGovern & Sigman, 2005) . Similarly, younger adolescents with ASD compared to their older adolescent counterparts perform worse in an emotional face recognition task (Kuusikko et al., 2009) . Thus, the transition into adolescence for those with ASD may be marked by even greater disturbance in amygdala function. To date, no known study has examined the association of developmental variables, such as age and pubertal status, with amygdala function in ASD during adolescence.
Other structures that are responsive to socioemotional information include the ventral prefrontal cortex (vPFC) and the striatum. The vPFC, which includes Brodmann's Areas 11 and 47, is highly responsive to emotional stimuli (Adolphs, 2009) . Although many studies found that individuals with ASD showed less activation in the vPFC in response to facial displays (Ashwin et al., 2007; Dapretto et al., 2006; Dichter & Belger, 2007; Hadjikhani, Joseph, Snyder, & Tager-Flusberg, 2006; Pinkham et al., 2008) , another study found that those with ASD showed greater activation (Dalton et al., 2005) .
The striatum is also responsive to socio-emotional stimuli (Phillips, Drevets, Rauch, & Lane, 2003) . At present, the neuroimaging findings of the striatum in ASD are mixed. In a visually guided saccade task, the ASD group showed greater striatal activation than controls (Takarae, Minshew, Luna, & Sweeney, 2007) . However, in a facial expression imitation task, the ASD group showed less striatal activation than controls (Dapretto et al., 2006) . A task in which group differences in attention to faces are limited may clarify the functioning of the striatum in ASD.
The present study had two objectives. The first objective was to examine amygdala, vPFC and striatal function in ASD and control adolescents while viewing facial expressions. To reduce the likelihood that group differences in brain function were due to attention differences, subjects pressed a button to identify the gender of the faces to ensure that they were attending to the stimuli. In addition, faces were presented briefly (250 ms). Thus, since it was expected that subjects would fixate on the face to identify gender and typical duration for fixation of scenes is 330 ms (Rayner, 1998) , the task limits group differences in attention to the faces. However, saccades may occur as quickly as 150 ms and, therefore, this task does not eliminate the possibility that there could be group differences in attention. The second objective was to characterize how amygdala activation relates to developmental variables of age and puberty during adolescent development for individuals with ASD.
Following prior work (Dalton et al., 2005; Monk et al., 2010) , our first hypothesis was that adolescents with ASD would show greater amygdala, vPFC and striatal activation to facial expressions relative to controls in a task that minimized group differences in attention. In addition, because younger adolescents with ASD are more impaired in face emotion recognition than older adolescents (Kuusikko et al., 2009 ), our second hypothesis was that younger adolescents with ASD would show greater amygdala activation than older adolescents with ASD.
Methods

Participants
Thirty-seven adolescents with ASD and 21 controls participated. In the ASD group, 8 adolescents were excluded due to excessive head movement (>3 mm) and 7 did not complete the scan due to discomfort. In the control group, 1 adolescent was removed from the analysis due to movement. The final sample included 22 adolescents with ASD and 20 controls (Table 1) . Of the 22 adolescents with ASD, 6 were diagnosed with autism, 3 with Asperger's syndrome and 13 with pervasive developmental disorder-not otherwise specified. All ASD participants were diagnosed based on the Autism Diagnostic Observation Schedule (ADOS; Lord et al., 2000) , the Autism Diagnostic Interview-Revised (ADI-R; Lord, Rutter, & Le Couteur, 1994) and confirmed by There were no significant group differences in age, verbal cognitive functioning, gender, and handedness ( Table 1 ). The ASD group had higher non-verbal cognitive functioning than the control group. A follow-up analysis controlled for differences in this domain. All adolescents with ASD were recruited through the University of Michigan Autism and Communication Disorders Center (UMACC) and controls were recruited through advertisements and posted flyers. The Institutional Review Board approved all procedures. Families signed consent/assent forms and filled in self-report questionnaires. Since depression and anxiety are common in adolescents with ASD, we utilized the Children's Depression Inventory (Kovacs, 1992 ) and the Spence Child Anxiety Scale (Spence, 1995) . Parents of controls completed the Social Communication Questionnaire (SCQ; Rutter et al., 2003) . Exclusion criteria were as follows: cognitive functioning < 85, presence of a co-occurring neurological disorder or if the participants wore braces. An addition exclusion criterion for controls was SCQ > 15.
Procedures
Functional magnetic resonance imaging (fMRI) data acquisition. Magnetic resonance imaging (MRI) images were acquired with a 3 Tesla GE Signa. Participants made responses with a button box that was linked to an IFIS system (MRI Devices, Inc., Milwaukee, WI) and attached to their right hand. The task was projected onto a screen and participants wore goggles with built-in mirrors (VisuaStim XGA, Resonance Technologies) to view the display. For the structural images, a high resolution sagittal SPGR image consisting of 110 slices of 1.4 mm thickness (flip angle = 15°, FOV = 26 cm) were acquired. For the functional images, T2*-weighted blood oxygenation-level-dependent (BOLD) images were collected using a reverse spiral sequence (Glover & Law, 2001 ). The BOLD images were comprised of 40 adjacent 3 mm axial slices (TR = 2000 ms, TE = 30 ms, flip angle = 90°, FOV = 22 cm; matrix = 64 · 64). Slices were adjacent and parallel to the AC-PC. The images were then reconstructed to maximize magnetic field homogeneity and ensure that the functional images were corrected for misalignment to the structural data.
Gender identification task (performed during FMRI acquisition). During image acquisition, participants performed gender identification judgments on a set of emotional and neutral faces. Faces were selected from NimStim (Tottenham et al., 2009) . Sad, happy, fearful and neutral faces were presented. There were 30 trials of each emotion across two functional runs. Trials were presented in a different randomized order for each subject.
Each trial began with a fixation cross that was displayed in the center of the screen for 500 ms, followed by a face that was displayed for 250 ms. A black screen then replaced the face for 1500 ms. During this period, participants pressed the thumb button if they saw a male face and the index finger button if they saw a female face. Following this, an inter-trial interval (ITI) that varied between 0 ms and 6000 ms (at intervals of 2000 ms) was included between each trial. During the ITI, a black screen was displayed and this served as the baseline. There were a total of 120 trials across the two functional runs and the duration of each run was approximately 6 minutes. E-prime (Psychological Software Tools, Pittsburgh, PA) controlled stimulus presentations and recorded responses.
Participants were instructed to respond as quickly and as accurately as possible. Prior to the MRI scan, participants completed a practice session in a mock scanner to ensure that they were comfortable with the task and testing conditions. Emotion recognition task (performed after FMRI acquisition). Following the MRI, participants performed an emotion recognition task to assess potential group differences in the ability to identify facial expressions. The face set comprised of the same stimuli that were shown in the fMRI task. There were a total of 120 trials. The faces were presented in a different randomized order for each participant. Trials began with a fixation cross in the middle of the screen for 500 ms, followed by the face for 250 ms and a screen which displayed these instructions: Press 1 if the face is happy, press 2 if the face is neutral, press 3 if the face is sad, and press 4 if the face is fearful. Subsequent trials were displayed only after the participant made a response. E-Prime was used for this task. Participants were instructed to respond as soon as they could discern the emotion on each face. Participants completed a short practice session prior to the emotional recognition task to ensure that they understood the instructions.
Pubertal measure. Parents filled out the Pubertal Development Scale (Petersen, Crockett, Richards, & Boxer, 1988) . While not comprehensive, this measure correlates highly with physician ratings of pubertal development (Petersen et al., 1988) .
Analyses
Functional MRI data analysis. The data underwent preprocessing. The skull was removed using FSL (http://www.fmrib.ox.ac.uk/fsl). Large spikes in the k-space data were filtered out. While the data were reconstructed into images, a field map correction was carried out. The reconstructed images were then corrected for difference in acquisition time for each slice. Following the slice time correction using local sinc interpolation (Oppenheim, Schafer, & Buck, 1999) , the images were realigned using MCFLIRT in FSL. Images were examined to exclude cases with head motion greater than 3 mm. Using SPM5 (http://www.fil.ion. ucl.ac.uk/spm), T1 GRE images were co-registered to the 3D SPGR volume in order to map the functional images into a standard anatomical space. The 3D SPGR volume was then inhomogeneity-corrected and normalized using an 8 mm full width at half maximum Gaussian kernel to the SPM5 T1 template (MNI space).
As a first step, to examine overall group differences in activation to faces in the three regions of interest, participants' mean contrast values for all face expressions (fearful, sad, happy and neutral) combined relative to baseline (the ITI period when a black screen was displayed) were extracted from the structurally based regions of interest (ROIs; bilateral amygdala, vPFC and striatum). These ROIs were generated using WFU Pickatlas (Maldjian, Laurienti, Burdette, & Kraft, 2002) . The amygdala was the bilateral amygdala, the vPFC was derived from bilateral Brodmann's areas 11, and 47, and the striatum consisted of the bilateral caudate and putamen. These values were then submitted to a general linear model multivariate analysis in SPSS 17. All trials with incorrect behavioral responses were excluded from the fMRI analyses.
Subsequent, statistical processing of the functional data was carried out using SPM5. General linear model and random effects analyses were utilized to assess within-and between-group effects. For each participant, conditions were modeled with the SPM5 canonical hemodynamic response function (HRF). The temporal derivative of the HRF was included (Friston et al., 1998) . A statistical image for each contrast at each voxel was generated. The contrast maps generated for each participant were then entered to test populationlevel hypotheses. Statistical significance was established with a small volume correction approach and family-wise error p < .05 on the ROIs (Worsley et al., 1996) .
Behavioral data analysis. Mean accuracy and mean reaction time were obtained for the gender identification task and the emotion recognition task.
Results
Behavioral results
Gender identification task (performed during FMRI acquisition). There were no significant differences between the ASD and control group in accuracy, t(39) = .66, p = .511 and reaction time, t(39) = 1.20, p = .236. (Behavioral data for one control subject were lost due to a technical malfunction.) The ASD group had a mean accuracy of 95.2% (SD = 3.0) and the control group had a mean accuracy of 96.1% (SD = 4.8). The mean reaction time for the ASD group was 746.2 ms (SD = 132.2) and for the control group it was 699.9 ms (SD = 111.0).
Emotion recognition task (performed following the MRI).
There were no significant differences between the ASD and control group in task accuracy, t(40) = -.073, p = .942 and mean reaction time, t(40) = .679, p = .501. (Only subjects who are in the fMRI analysis are included in this analysis.) The ASD group had a mean accuracy of 89.8% (SD = 6.9) and the control group had a mean accuracy of 89.9% (SD = 5.7). The mean reaction time of the correct responses for the ASD group was 1257 ms (SD = 278.5) and the mean reaction time for the control group was 1205 ms (SD = 218.6).
fMRI results Hypothesis 1. To evaluate hypothesis 1, we implemented a four-step procedure. First, following seminal face processing studies of ASD (Dalton et al., 2005; Dapretto et al., 2006; Kleinhans et al., 2009; Pinkham et al., 2008) , we examined group differences in activation to all face expressions relative to baseline. Mean contrast values for all face expressions were extracted from the bilateral amygdala, vPFC and striatum. Multivariate analysis showed a group difference in activation to faces, F(3,38) = 4.38, p = .010. Second, to identify the brain regions that contributed to the group differences while controlling for multiple comparisons, we implemented the sequentially rejective Bonferroni procedure (Holm, 1977) . Consistent with the first hypothesis, the ASD relative to the control group had greater activation in the amygdala, t(40) = 2.29, p = .027, vPFC, t(40) = 2.65, p = .011, and the striatum, t(40) = 3.30, p = .002.
Third, to further evaluate hypothesis 1, we conducted a voxel-wise ROI analysis in SPM5 to examine group differences in amygdala, vPFC and striatal activation to specific emotions vs. baseline in each hemisphere. For sad vs. baseline, adolescents with ASD relative to controls demonstrated greater activation in all ROIs (Table 2 ; Figures 1-3 ). In addition, for happy vs. baseline, the ASD group showed greater striatal activation relative to controls (Table 2; Figure 4) . Fourth, to compare group differences in activation between expressions, analyses focused on expressions and hemispheres where group differences were found in step 3. Relative to controls, the ASD group showed greater activation to sad vs. happy and a trend for greater activation in the contrast of sad vs. neutral in the right amygdala (Table 3 ; Figures 5-6 ). The ASD group also showed greater activation in the left striatum to sad vs. neutral (Table 3; Figure 7 ).
Supplementary Appendix Tables 1-2 provide activation in the ROIs for the ASD and control groups separately. In addition, Supplementary Appendix Table 3 provides activation for the fusiform. Finally, Supplementary Appendix Table 4 includes a whole brain analysis.
Hypothesis 2. Bilateral amygdala activation (mean activation from the ROI) to all expressions vs. baseline negatively correlated with age in the autism sample, Spearman rho = -.46, p = .033, and pubertal status, Spearman rho = .46, p = .036 (pubertal 
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0.00 Figure 2 The ASD group compared to controls had greater vPFC activation in the contrast of sad vs. baseline status from one subject was not collected). In the sad vs. baseline comparison, there was a negative association between age and bilateral amygdala activation ( Figure 8 ). Developmental measures did not correlate with the other contrasts in which group differences were found (sad vs. happy, sad vs. Figure 4 The ASD group compared to controls had greater striatal activation in the contrast of happy vs. baseline Figure 6 The ASD group compared to controls had a trend for greater amygdala activation in the contrast of sad vs. neutral neutral). Among controls, amygdala activation did not correlate with age or pubertal status.
Follow-up analysis of medication. To examine whether medications influenced the results, adolescents with ASD who were on at least one psychotropic medication were removed from the group analysis. The remaining 10 adolescents with ASD not on medication were compared to the 20 controls. The ASD group continued to have greater activation relative to controls in all the same contrasts and ROIs described above (p < .05 uncorrected).
Follow up analyses on depression and anxiety.
Relative to controls, the ASD group showed a trend for higher depression symptoms, t(40) = 1.95, p = .059. When depression was added as a nuisance covariate, the group differences reported above remained significant (p < .05 uncorrected). For anxiety, there were no group differences in the measure, and therefore, further analyses were not conducted.
Discussion
In an emotional faces task that limited group differences in attention, adolescents with ASD exhibited greater activation than controls in neural structures associated with processing socio-emotional stimuli. Consistent with our hypotheses, the ASD group showed greater bilateral activation in the amygdala, vPFC and striatum. In addition, within the ASD group, there was a negative association between developmental variables (age and pubertal status) and amygdala activation, such that the younger adolescents had more pronounced activation than the older adolescents. Comparable performance in the gender identification task during fMRI acquisition suggests that both groups were attending similarly to the faces. Finally, the results were independent of depression and anxiety. Our findings demonstrate that when attention to faces appears comparable, adolescents with ASD show greater activation in key emotion/face processing structures relative to controls. Two possible interpretations are offered. The first is that the facial expressions are more ambiguous for those with ASD. From early in development, individuals with ASD attend less to faces (Osterling & Dawson, 1994) . A lack of experience with faces may contribute to impairments in face emotion recognition (Losh et al., 2009) . Thus, individuals with ASD are less able to decipher expressions and may not know how to respond appropriately (i.e., the stimuli are ambiguous). Notably, ambiguity engages the amygdala, vPFC and striatum (Hsu, Bhatt, Adolphs, Tranel, & Camerer, 2005) . Therefore, impaired emotion recognition in ASD may lead to a less definitive interpretation of the stimuli and the neural manifestation of this ambiguity may be expressed by an increased activation in these structures. However, in contrast to prior work (Losh et al., 2009 ), we did not find Figure 8 Amygdala activation and age were negatively correlated in the ASD group, Spearman's rho = -.46, p = .031. The correlation among controls was -.20, p = .40. Circles represent each subject's mean activation for the entire bilateral amygdala in the contrast of sad vs. baseline group differences in the face emotion recognition task. This inconsistency may be due to the nature of the face stimuli in the present study. That is, the facial expressions were particularly identifiable and, thus, the task lacked sensitivity. Nevertheless, in the present study, FMRI may have been more capable of detecting a neural signal of ambiguity than the behavioral measure.
The second interpretation is that the facial expressions are more distressing for individuals with ASD and this distress might be driving greater activation in these structures. (The two interpretations are possibly interrelated. Heightened distress could make individuals avoid faces more, which would lead to reduced familiarity and, therefore, social signals from faces could be more ambiguous. Alternatively, distress may emerge from the perceived ambiguity of the stimuli.) Indirect evidence for the possibility that facial expressions are distressing for individuals with ASD comes from work showing that ASD is associated with greater skin conductance response than controls to faces with direct gaze (Joseph, Ehrman, McNally, & Keehn, 2008) . Contrary to this interpretation, we did not find group differences in anxiety. Nevertheless, the experience of distress in the ASD sample may not have been effectively captured in our anxiety measure. Further work is necessary to test these two models.
The finding that younger adolescents had greater amygdala activation than older adolescents indicates that marked developmental changes occur in the neural processing of socio-emotional stimuli among adolescents with ASD. This is consistent with work showing that younger adolescents have poorer social functioning (McGovern & Sigman, 2005) and emotion recognition than older adolescents (Kuusikko et al., 2009 ). The present findings also parallel structural imaging work, which found that an ASD sample between 7.5 and 12.5 years of age had larger amygdala volume than controls, but the group difference disappeared with age (Schumann et al., 2004) . Biological and social changes associated with the transition to adolescence may underlie the changes in the amygdala and socioemotional difficulties. Targeted interventions that impede this cascade of events may help youth with ASD transition more successfully into adolescence.
Four limitations to this study are noted. First, no developmental measures other than age and a puberty questionnaire were used. Including biological measures of puberty as well as measures of social life may provide further insight into how these variables interact for youth with ASD. Second, a high proportion of the recruited ASD sample was not included in the analyses (due to movement and discomfort in the MRI). This could limit the generalizability of our findings. Third, although the task limited the opportunity for group differences in attention, there was no direct measure of eye gaze on the faces. Therefore, it is not possible to state definitively that attention between groups was comparable. Fourth, although group differences in activation were found between sad and happy faces in the amygdala and sad and neutral faces in the striatum, the comparison of sad vs. neutral faces was only a trend (p = .066 small volume corrected) in the amygdala. Therefore, we are unable to make definitive statements about the role of the amygdala in processing emotional social stimuli in ASD.
Future investigations could incorporate a longitudinal approach to chart developmental change in brain function more accurately. Moreover, such an approach could eventually identify brain correlates that would predict more severe clinical symptoms. Also, through additional measures of face expertise, puberty and social interaction, a tighter coupling between developmental events and changes in brain function could be formed. In addition, group differences in the vPFC and the developmental results were found only with baseline as the comparison. Contrasts with baseline indicate that the ASD group and younger adolescents, respectively, show greater activation to faces, but the results may not be specific to faces. Future research could include complex nonsocial stimuli to evaluate the specificity of the response. Furthermore, because the task involved many presentations of a limited number of emotions, there was the potential for habituation. Habituation may have reduced the sensitivity of the task to differentiate the response between emotions. To reduce the possibility of habituation, additional emotions, along with nonsocial stimuli, could be included to increase the variety of stimuli. In addition, the present findings were strongest for sad faces. Through the use of psychophysiological measures and recording subject facial expressions that occur in response to the face stimuli, future work could more fully evaluate how adolescents with ASD process sad faces differently and why the processing is associated with greater amygdala activation. Finally, coupled with work showing that youth with ASD are more socially impaired in early adolescence (McGovern & Sigman, 2005) , the present study suggests that socially based interventions that afford an opportunity for neural adaptation may facilitate the transition to adolescence.
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